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ABSTRACT 


A  powder-metalltirgical  molyMenuin  alloy  was  developed  whlcft>  in 
wnougnt  fo^,  has  properties  as  good  as  or  better  than  those  of* 
are^cast  Mo-OiSfi.  The  alloy*  Mo=o.3fi=G.05C  (mtc)*  was  seleGted 
after  screening  13  fflolybdenum^alloy  systems  ^ 

frocess  specifications  for  40“ffiil  Wc  sheet  were  developed,  in 
the  as-rolled  condition  the  sheet  has  an  ultimate  tensile  strength 
at  liOO  c  of  about  60  tcsi.  it  is  approximately  505^  recrystallized 
after  one  hour  at  1210  c,  and  its  ductile-brittle  transition 
temperature  is  below  room  temperature, 

MTC  seems  to  be  responsive  to  strain-induced  precipitation 
strengthening  in  a  manner  similar  to  that  ascribed  by  other 
investigators  to  certain  arc^cast  molybdenum  alloys.  Sintering 
at  ^1850  c  is  necessary  to  develop  the  best  properties  in  MTC 
sheet . 


A  process  was  also  developed  for  rolling  molybdenum  powder  directly 
to  sheet.  This  work  was  sununarized  in  a  report  Issued  March  Jl, 
1961,  and  is  not  discussed  further- 
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1.0  INTRODUCTION 

When  conti^Gt  N0as“i0=6018^c  for  the  development  of  Improved 
powder-^metallurglcal  molybdenym  sheet  eOfflmenGed>  are -oast 
ffiolybdenuffl  alloys  for  high=teffipei^tiire  load-bearing  appli- 
Gatlons  were  already  In  an  adv^anGed  state  of  development* 
ArG-Gast  ffiOlybdentMn  alloys  with  ultimate  tensile  strengths 
above  gOiOOo  psl  at  1200  c  existed*  No  powder-metallurgical 
molybdenuffl  alloy  of  comparable  density  came  close  to, 
achieving  that  strength. 

The  powder-metallurgical  approach  to  hlgh-temperature 
molybdenum  alloys  has  several  inherent  advantages*  It  Is 
shorter  and  therefore  less  expensive  than  that  of  arc-easting. 
By  the  rormer  process  the  volatilisation  of  alloy  constituents 
is  less*  Therefore,  It  was  envisioned  that  the  powder-metal¬ 
lurgical  approach  could  result  In  substantial  gains  In  the 
technology  of  molybdenum  and  Its  alloys. 

The  original  objectives  of  this  contract  were: 

a.  TO  Investigate  and  develop  alloy  eomposltlons  and 
processing  conditions  for  the  production  of  molybdenum- 
alloy  sheet  with  improved  properties  and  quality. 

b.  To  determine  the  feasibility  of  rolling  molybdenum  sheet 
directly  from  powder. 
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c#  To  produce  3000  poimds  Of  the  alloy  sheet  in  various  Sizes ^ 

The  degree  of  improvement  to  be  obtained  in  the  properties  and 
quality  of  the  alloyed  sheet  was  not  specified*  However, 
during  the  contract  the  Material  Advisory  Board's  Refractory 
Metal  Sheet  Rolling  Panel  recoiriffiended  target  properties  for 
fabricable  molybdenum-alloy  sheet  (see  Appendix  i) »  These 
reconmended  properties  then  became  the  inferred  goal  of 
Sylvanla's  program*  it  soon  became  evident  that  the  develop¬ 
ment  of  a  powder-metallurgical  alloy  with  properties  approach¬ 
ing  these  targets  would  involve  a  major  developmental  effort* 
The  objectives  of  our  program  were  subsequently  modified  by 
the  Bureau  of  weapons  to  exclude  the  production  of  all  but  a 
sample  quantity  of  sheet* 

work  under  contract  NOas  6c-6oi$-c  was  conducted  from 
October,  1959 f  through  September,  1960*  Seventeen  interim 
reports  were  issued*  The  contents  of  those  reports  are 
outlined  in  Table  I  as  a  guide  to  the  details  of  the  entire 
investigation* 

This  final  report  suiranarizes  our  work  leading  to  the  improyed 
powder*metallurgieal  molybdenum-alloy  sheet.  Mo -Q.3T1 -0,030* 
Our  work  on  the  rolling  of  molybdenum  powder  directly  to 
sheet  appears  In  a  prior  suiranary  report. 
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Rolling  Sohedule 

Investigations  XX  X  XXX 

Preparation  of  Alloy 
Sheet 

a.  Oxide  Additives  XX  X 

h*  Elemental  ”  XXX 

c.  Others  X  XXX  XX 

d.  MO«*fl-C  System  X  XXX  XXXXX 

Evaluation  of  unalloyed 

MO  Sheet  X  X  X  X  X  X 

Evaluation  of  Mo-i^O.^^i 

Arc-Cast  Sheet  XX  X 

Evaluation  of  Powder*' 

Metaliurgical  Alloys 

a.  Oxide  Additives  XX  XXX  X 

b.  Elemental  "  XXXXX 

c.  Others  XXXXX  X 

d.  Mo-Ti^C  System  XXX  X  X  XX 

Strengthening  Mechanism 

in  Mo=Tl=^C  XXX 

Rolling  Mo  Sheet  From 

Powder*  XXXXX 


*  A  final  report  entitled  "Feasibility  Study  on  Powder  Rolling  of 
Molybdenum  Sheet"  was  issued  on  March  51#  1961. 


4 


2.0  EVALUATION  OF  BASE  MATERIA Ig 

To  measure  our  progress  in  the  development  of*  a  suitable 
powder^metallurgical  molyhdenum  alloy >  we  initially 
determined  pertinent  properties  on  coimnereially  available 
materials  using  ottr  testing  facilities  and  methods,  we 
selected  40-mil  unalloyed  molyhdenum  sheet  produced  :by 
powder-metallurgical  techniques  at  Sylvania>  and  40-mil 
arc -cast  Mo-0.5^i  Sheet  produced  by  four  suppliers,  we 
evaluated  the  sheets  for  composition^  structure,  recrystal- 
llzation  temperature,  tensile  properties,  and  ductile-brittle 
transition  temperature.  Our  testing  procedures,  outlined  in 
Appendix  21,  generally  followed  those  in  "Recommended 
procedures  for  the  festing  of  Refractory  Metal  sheet  Material”, 
issued  by  the  subpanei  on  standardization  of  Test  Methods, 

MAB  Refractory  Metals  Sheet  Rolling  Panel. 

Our  evaluation  of  the  two  base  materials  appears  in  Table  il 
with  corresponding  values  from  the  literature  for  arc -cast 
Mo=0.5Ti  sheet.  Our  carbon,  oxygen,  nitrogen,  and  hydrogen 
analyses  of  the  arc-cast  M0-0.5TI  sheets  agree  well  with  those 
reported  In  the  literature.  Our  values  for  the  recrystalll= 
zatlon  temperatures  and  1200  c  tensile  properties  are  somewhat 
lower  than  those  reported  In  the  literature,  whereas  our 
room-teroperature  strengths  are  somewhat  higher. 


fABlE  II 

PROPERTIES  OF  40^MlL  MSI 


Property 

Compoaltion,  ppffi 

Carbon 

Oxygen 

Nitrogen 

Hydrogen 


Povfder-Met .  . 
Molybdentanv^^ 
Sylvani^, 


Arc -cast  MO-O.STl 

syivania 


vatuesT^) va lues ( ^ ) ( c ) 


Literature 
Values 


Temp  *  i  C 
In  one 


Duct  lle*^irit  t  le 
Transition  . . 
Temperature, c ( ^ ) 

Tensile  Properties 


^1(23) 

32(23) 

38(23) 

4(23) 


1010-1035 
<-75(s) 


4 

i 

14 

3(4 


1170-1220 (*)  1200-1315 


UTS,  ksl 

127 

'is 

YS,0.25g  Offset, ksl 

102 

^14 

Elongation,  ^ 

16 

980  C 

. 

UTS,  ksl 

55 

^e) 

YS,0.2^  Offset, ksi 

it 

® ) 

liongatlon,  ^ 

10 

s) 

1095  C 

UTS,  ksl 

18  (i) 

Y$,0.2^  Off set, ksl 

14 

Elongation,  ^ 

31 

[?•) 

L200  C 

UTS,  ksl 

12 

YS,0.2?g  Off  set,  ksl 

6 

Elongation,  ^ 

31* 

[s) 

L315  0 

UTS,  ksl 

-- 

YS,0.^  Offset, ksl 

Elongation,  % 

-42(*) 

}  128  (*) 

110 (®) 

)  104^) 

95  (e) 

)  isC*) 

22(e) 

10 

13(*) 


15i® 


a 

b 

c 

d 

e 


20(f) -30  ,(e) 

loff 
20(f) 

As-rolled. 

Numbers  In  parentheses  indicate  the  ntunber  of  sheets  evaluated  to 
determine  values, 
stress-relieved , 

Longitudinal  properties. 

Levy,  A.  V,,  ■■Use  of  Refractory  Metals  In  Air-Breathing  Engines 
Refractory  Metals  and  Alloys,  Intersclence  Pub  Ushers  il961> 
p.  bio-bii, “ " '  ” 

Semchyshen,  M.,  McArdle,  U.d.,  and  Barr,  R.Q.,  Development  of 
Molybdenum-Base  Alloys,  climax  Molybdenum  Company^of  Michigan, 


,  October,  1959 >  page 


g 


3yg  _ 

f echnlcal  Repbrt  59 -J 
'  1,  and  2527, 

climax  Molybdenum  Company  of  Michigan#  Specification  CfE-WB-T-l 
for  ciimelt  Molybdenvim  -0.5  per  cent  Tltanltun  Wrotight  Bars* 
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typical  mlcrdstfuctiii'es  of  tho  two  base  inateflals  appear  in 
figure  1*  Ultimate  tensile  Strengths  and  tensile  elongations 
are  plotted  as  functions  of  temperature  in  figure  2,  the 
high  strength  of  arc-cast  Mo-O.Sti  is  obtained  at  the  expense 
of  ductility,  the  recrystaliization  curves  are  in  figure  3« 
Arc -cast  Mo-o.sti  sheet  is  about  5^  recrystaliized  after  one 
hour  at  1200  c>  whereas  powder-metallurgical  molybdenw  sheet 
is  about  recrystaliized  after  one  hour  at  1020  C  ^ 

5^0  ALLOY  SCREENING 

varying  compositions,  listed  in  table  iii,  of  15  alloy  systems 
were  investigated*  All  sheets  which  could  be  fabricated  were 
evaluated  at  40  mils,  usually  In  the  as-rolled  condition* 

The  criteria  for  screening  the  alloys  were  rollabllity, 
tensile  strength  at  1200  c#  and  ductile-brittle  transition 
temperature . 

the  Selection  of  trial  compositions  followed  two  basic  Ideas* 
Initially,  we  attempted  to  translate  to  sheet  our  experience 
obtained  from  developing  dispersion-strengthened  molybdenum 
and  tungsten  wire*  This  was  done  by  adding  various  amounts 
of  TlQa,  ZrOg,  AlgQs,  ThOg,  and  CrgOg  to  either  the  molybdenum 
powder  or  the  molybdic  oxide,  which  was  then  reduced  to 
molybdenum  powder.  A  billet  was  then  pressed  from  each  type 
of  powder,  sintered  in  hydrogen  at  I600  C,  and  rolled  to 


powder-mstaulurgicau  molysocnum 


ARC-CAST  Mo-0.§Ti 


1. 


mei-Qgtrttcturj  of  to-mlj  slieets  of  powder.metallurEloal 

molybdenum  and  are-east  M0-O.5TI,  ^ - 

Photomierographs  are  lonr,itudinal  at  lOOOX. 


ISX'SXn  %*N0IJLV9N011 


RECRYSTALLIZATION  CURVES  FOR  BASE  MATERIALS 

360  f— 1  — I - = - 1 - T - 1 - ^ 


avon  6))  -02  HilM  HdO 


ONE -HOUR  ANNEALING  TEMPERATURE,  C 

Fi|r.  5.  Recr,  slalllzatlon  temperat’jre  of  40-mll  sheei-s  of  powder-metallurgical 
moly' derum  and  arc-cast  Mo-0.5Ti  as  determlViSd  by  hardness 
measureme  )ts . 
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40-mil  slieet  for  evaluation^  fhe  MO-fhOg  billets  failed  during 
rolling*  fhougfe  tbe  physical  character  of  most  of  the  alloys 
was  similar  to  that  of  disperslon-strengthened  wire>  the 
magnitudes  of  the  increases  in  high-temperature  properties 
fell  far  short  of  those  obtained  in  wire. 

fhe  oxide  conGentrations>  within  the  ranges  we  investigated ^ 
that  imparted  the  best  high-temperature  properties  to 
molybdenum  were  1.0^  CrgOs,  O^S^fiOe#  and  0*5^zr02*  fhe 
additions  were  made  in  the  following  ways,  chromic  oxide  was 
dissolved  in  nitric  acid  and  zirconium  nitrate  was  dissolved 
in  Water.  Each  solution  was  then  added  to  a  separate  water 
slurry  of  MoOg  and  evaporated  to  dryness,  fhe  calcined 
products  were  then  reduced  in  hydrogen  to  the  respective 
powders,  fltania  powder  was  simply  dry-mixed  with  molybdeniiiii 
powder  to  obtain  the  Mo-flOa  compositions. 


fhe  test  data  for  these  three  alloys  appear  in  fable  r/. 
fhe  1200  C  ultlmete  tensile  strengths,  the  due tile -brittle 
transition  temperatures,  and  the  recrystallization  tempera¬ 
tures  are  between  those  respective  values  for  unalloyed 
molybdenum  and  arc-cast  Mo-0.5ri.  fhe  Mp-l.OjfcrsiOa  alloy  has 
the  highest  ultimate  tensile  strength,  18  ksi. 

Our  second  approach  involved  the  preparation  and  evaluation  of 
alloys  that  duplicated  the  compositions  of  several  arc -cast 


EVAIUATION  OF  BEST  MOLYBDENUM  -  METAL  OXIDE  SHEETSA 
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jsnolyfedeniun  alleys,  fhls  appr6aGli>  which  was  ultimately  ve3?y 
successful>  Included  the  following  powder  Gompositlons. 

(1)  Mo-^0.5fi 

(2)  MO-O.5fl«O.O0G 

(3)  Mo«0*5fi-0.0S4zrH2*0.08G 

(4)  Mo=1.27^i“0.29ZrMa-0*4G 

(5)  Mo=1.45Nh^0.25G 

(6)  M0-30W 

(7)  M0-25W“0»llZr02-0.05G 


The  first  five  compositions  were  prepared  by  di^-mixlng  the 
constituent  powders*  The  sixth  composition  was  prepared  by 
co^reduclng  a  mixture  of  molybdenum  and  tungsten  oxides. 

While  the  seventh  was  made  by  a  co-^preclpitation  technique* 
■During  hydrogen  sintering,  hydrogen  evolved  from  the  ZrBa 
and  the  carbon  content  decreased* 

The  rollabllity  of  these  Compositions  varied*  Billets  from 
compositions  (6)  and  (7)  rolled  well,  those  from  (l)  and  (2) 
rolled  fairly  well,  and  those  from  (4)  and  (5)  rolled  poorly. 
No  sheet  could  be  produced  from  billets  of  composition  (3}* 

The  mlcrostruetures  of  compositions  (l),  (2),  (4),  and  ($) 
contained  agglpmerates,  presumably  reactlve’^metal  oxides  and 
carbides.  The  structure  of  the  viq^3QV  alloy  was  a  solid 
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solution  of  ifiolyfederiuin  arid  tufigstehi  while  that  of 
Mo“25W-0»  llZr^Oa^OiOSO  was  a  solid  solution  of  molyhdenum  and 
tungsten  Gontainlng  dispersed  zrOa#  The  oarbon  was  probably 
in  solid  solution  with  the  molybdenum  and  tungsten  * 

The  duotlle^^brittle  transition  temperatures  and  the  tensile 
properties  at  1200  C  are  compared  In  Table  v  to  those  of 
their  arc=cast  eounterparts .  The  ductile-brittle  transition 
temperatures  of  the  sheets  from  compositions  (2),  (4)  and  (5) 
were  greater  than  250  C  while  those  of  Mo-JOW  and  Mo-tSW- 
0. 112rO2“0.o4c  were  -50  c  and  12  c  respectively* 

The  1200  C  Ultimate  tensile  strengths  range  from  28  ksi  for 
M0-O.5TI  to  56  ksl  for  MO*1.2TTl-0*29Zr<^0*30.  All  but  the 
Mo-^O.Sfi  alloy  (no  carbon)  have  higher  120O  c  strengths  than 
that  of  arc-cast  MO‘»'0*5T1-G ,  However,  only  the  powder-^ 
metallurgical  MO"<^C,50Tl ■"•0.0450  alloy  was  stronger  than  Its 
arc -cast  counterpart.  Therefore,  subsequent  investigations 
involved  molybdenum  alloyed  with  titanium  and  carbon. 

4.0  CHARACTERIZATION  OF  POWM-MjTALLjRG-ICAL  Mo-Tj-C 

This  section  of  the  report  summarizes  a  literature  survey 
and  many  experiments  conducted  to  determine  the  effects  of 
process  and  compositional  variations  on  the  character  of 
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composition  of  tibe  sheet  is  assumeiJ  to^  differ  from  the  composition  of  the  mix 
'  in  the  carbon  content.  The  table  giv^es  the  carbon  content  determined  by  analysis; 


powder*“m6tallurgiGal  molyfedenvm  sheet  dllutely  alloyed  with 
titaniuin  and  carbon.  The  resiilts  led  ultimately  to  the 
selection  of  mo-0.5T1^0.03*  which  has  properties  that  compare 
well  with  those  of  arc^cast  MO-O.5TI. 

Sinterini  conditions,  titanium  and  carbon  eoncentrations, 
in-process  thermal  treatments,  and  rolling  parameters  were 
investigated. 

1  Effects  of  sintering  Conditions 

the  originally  prepared  powder-metallurgical  Mo-O.^Ti- 
o.o43c  sheet  (Table  V)  had  an  ultimate  tensile  strength 
of  42  ksi  at  1200  c  compared  to  33  icsi  for  the  arc-cast 
Mo -0.5TI -0.028c  sheet.  The  powder-metallurgical  sheet 
was  roiled  from  a  billet  sintered  at  1800  C  in  a 
hydrogen  atmosphere . 

To  determine  the  effects  of  sintering  time  at  temperature, 
sintering  atmosphere,  and  the  amount  and  chemical  form  Of  the 
titanium  addition  on  the  1200  c  tensile  properties  of 
4o-mll  sheet,  billets  were  prepared  In  the  following 
manner.  Thirty-three  rolling  billets  were  isostatlcally 
pressed  from  several  powder  mixes  of  molybdenum,  titanium 
or  titanium  hydride,  and  carbon.  They  were  then  sintered 
at  various  temperatures  from  1800  to  2300  c.  Time  at 
temperature  ranged  from  7,3  to  22  hours  at  1800  0  to 


0.%  to  6.0  hours  at  2500  0.  Wet  and  dry  hydrogen^ 
dlssOGiated  ammonia >  and  vacuum  were  used  for  sintering 
atmospheres i  Most  of  the  sintered  feillets  were  from 
89  to  95^  dense  and  were  about  i»2-inGhes  thiGk.  Most 
of  them  were  analyzed  for  titanium^  Garbon>  oxygen>  and 
nitrogen.  They  were  then  rolled  to  40“mil  sheet  by  a 
GOffimon  sehedule. 

The  rolled  sheets  were  analyzed  for  oarbon,  oxygen,  and 
nitrogen,  and  as -rolled  hardness  and  1200  c  tensile 
properties  were  determined.  The  sintering  Gonditlons> 
eompositions,  and  sheet  properties  are  in  Table  vl» 

Prom  the  Ghemical  analyses  of  the  billets  and  sheets, 
the  material  eontalned  the  amounts  of  titanium,  Garbon, 
oxygen,  and  nitrogen  shown  below. 


Ilement 

Average 

Range 

TitanitM,  ^ 

0.54 

0.48-0,6 

carbon,  ppm 

580 

150-660 

Oxygen,  ppm 

98 

59-270 

Nitrogen,  ppm 

150 

12-650 

The  room»temPerature  diamond  pyramid  hardness  averaged 
525  and  ranged  from  275  to  567 « 
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The  1200  G  tensile  properties  were  as  shown  below* 


Property 

Average 

Range 

UTS>  ksl 

55 

36^60 

YS  (0»2j6  offset),  ksl 

40 

30-48 

llongation,  % 

9 

5-12 

The  most  significant  observation  from  this  work  Is  that 

the  1200  C  strengths  of  sheets  processed  by  sintering  at 

1800  0  are  significantly  lower  than  the  1200  c  strengths 

of  those  proGessed  by  sintering  at  I83O  to  2300  0* 

Sintering  Temp.  1200  0  UTS  1200  c  YS>  0*2^  Offset 
_  C _  _ _ ksl _ _  _ ksl 


1800 

40 

53 

1850 

54 

42 

1900 

32 

41 

1950 

56 

43 

2000 

56 

43 

2150 

54 

40 

2300 

56 

43 

Ultimate  tensile  strengths  of  Individual  sheets  are 
plotted  as  a  function  of  sintering  temperature  In 
Figure  ^  which  shows  that  sintering  at  or  above  18§0  c 
consistently  results  in  sheets  with  1200  0  ultimate 
tensile  strengths  ranging  from  ^^9  to  60  ksl. 
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fhe  room=temgeratTij?e  hardness  reflects  this  dependence 
on  sintering  temperature  to  a  lesser  degree  than  does 
the  1200  C  strengths 

Carbon,  oxygen,  and  nitrogen  contents  were  affected  to 
varioiis  degrees  by  the  Imposed  variations  In  sintering 
conditions,  bnt  not  to  an  extent  to  influence  the 
hardness  and  1200  c  strength  properties^  Materials 
processed  by  sintering  In  dry  hydrogen  or  In  vacuiyn  have 
the  lowest  oxygen  and  nitrogen  contents.  Material 
processed  by  sintering  in  wet  hydrogen  are  relatively 
high  in  oxygen,  and  material  processed  by  sintering  in 
dissociated  ammonia  or  dry  hydrogen  contaminated  with 
dissociated  ammonia  were  relatively  high  in  nitrogen. 
Sheets  made  from  mixes  of  tnolybdenum  and  carbon  with 
either  titanium  or  titanium  hydride  powders  have  similar 


In  subsequent  experiments,  c  was  frequently  used 

as  the  sintering  temperature  because  adequate  densities 
could  be  obtained  in  a  relatively  short  tlme- 

.2  Effects  of  Carbon  Content 

Our  first  work  (Table  V)  indicated  that  the.  hlgh~-temper* 
ature  strength  of  Mo*Ti-C  alloys  is  dependent  on  the 
carbon  content.  To  investigate  this  effect  several 


foiling  felliefes  were  Isostattically  pressed  frem  several 
powder  mixes  of  molybdenui9j,  titaniTim  of  tltaniiim  hydflde> 
and  vaflaible  amounts  of  caffeon.  fhe  billets  were  slntefed 
at  vafioiis  tempefatiifes  from  I85O  to  2300  0^  the  taaipef= 
atufe  fange  used  to  pfocess  sheet  with  consistently  high 
Stfength  at  1200  C.  Dry  hydfOgen>  diSSOGlated  aaffiioniai 
and  vacuum  were  used  for  sintefing  atmospheres  *  The 
billets  Were  analyzed  chemically  and  rolled  to  40-mll 
sheet  as  in  the  previous  experiment.  The  sheets  were 
evaluated  for  composition,  room-temperature  hardness, 
and  1800  G  tensile  properties.  The  sintering  conditions^ 
compositions,  and  sheet  properties  are  listed  in  Table 
VII  according  to  increasing  carbon  content*  fhose  sheets 
in  the  previous  experiment  which  were  processed  by  sinter¬ 
ing  at  1850  to  2300  C  are  also  listed  in  the  same  manner, 
making  a  total  of  44  sheets.  Carbon  contents  range  from 
80  to  660  ppm. 

The  most  slgnifleant  observation  from  these  data  is  that 
uniformly  high  strengths  at  1200  c  are  consistently 
obtained  for  sheets  containing  at  least  200  ppm  of 
carbon.  The  ultimate  tensile  and  yield  strengths  of 
the  individual  sheets  are  plotted  as  a  function  of 
earbon  content  in  Figures  5  and  6,  respectively.  Figure  3 
shows  that  the  ultimate  tensile  strength  increases  from 


PROPERTIES  OF  40-MIL  AS -ROLLED  M0-O.5TI-C  SHEET (a)  AS  A  FUNCTION  OP  CARBON  CONTENT 
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1200  C  UTS  OF  Mo-aSTi 


CARBON,  PPM 

Fig.  5.  Effect  of  cartoon  content  on  the  1200  C  nltlinate  tensile  Strength 
of  40-mil  sheets  of  powider-metallnrglcal  Mo-0.5Ti  roilledl  from 
billets  sintered  at  various  temperatures  from  I85O  to  2500  C. 


CARBON, PPM 

Fig.  6.  Effect  of  carbon  content  on  tlie  1200>  C‘  yield  strengtfo  offset) 

of  4’0'^mll  sheets  of  powsdier-metalliirgical  10-0.5®!  rolled  from 
billets  sintered  at  various  temperatures  fromi  185O'  to-  2300'  0^ 


about  24  ksl  to  a  mrige  of  JO  to  6o  ksl  as  tbe  carbon 
content  increasea  from  20  to  200  ppm.  Increasing  the 
carbon  content  from  2G0  to  66o  ppm  does  not  significantly 
alter  the  strength,  the  yield  strength  follows  a  similar 
trend.  However,  increasing  the  carbon  content  from  200 
to  66o  ppm  results  in  a  gradual  Increase  of  the  average 
yield  strength. 

The  ultimate  tensile-  and  yleld=strength  ranges  are 
compared  in  Figure  7*  It  is  Interesting  to  note  that 
the  solubility  limit  of  carbon  in  molybdenum  in  the 
range  of  sintering  temperatures  we  used  is  about  200  ppm^^K 

Most  of  the  tensile  elongations  fail  in  the  6  to  12^ 
range*  They  are  not  affected  by  carbon  content.  Room* 
temperature  hardness  is  plotted  as  a  function  of  carbon 
content  in  figure  8.  The  hardness  increases  with  in^ 
creasing  carbon. 

The  materials  processed  by  sintering  either  in  dry 
hydrogen  or  in  a  vacuum  have  oxygen  contents  ranging 
from  44  to  65O  ppm.  Low  oxygen  values  are  usually  asso¬ 
ciated  with  high  carbon  contents  and  vice  versa.  Appar¬ 
ently,  the  presence  of  a  sufficient  amount  of  carbon  prevents 
the  titanium  from  oxidizing  during  the  sintering  cycle. 

The  nitrogen  contents  in  these  same  materials  range  from 
8  to  65  ppm.  They  were  not  affected  by  carbon  content. 


200  400  600  800  1000 

CARBON^  PPM 

Fig.  7.  Effect  of  carboiri'  eowtenit  on  the  lalirlraate  tensile  andi  yield 

(0.2^  offset)  strengtlis  at  120 J  C  of  sheets'  of  powden- 

metallnngical  ■Mo-0'..5'f"l  rolled  fromi  foil  lets;  sintered-  at  varloiyt® 
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Pl;g,  2..  Effect  of  carboin  eo-nt ettfc  oa  the  iPOomi-tempeFatioire  hardaesia  of 
4C-mil  sheet;©  of  powder'-metalluirgleal  Mo-C  .Sa’l  rolled  frora; 
billets  slhtered  at  varioitis  tempera t'aresi  from'  l3:5G.  to  2300.  C 


Another  Blgnlflcant  observation  is  that  sheets  containing 
at  least  200  ppm  carbon  have  good  strengths  regardless 
of  the  fact  that  some  of  them  contain  substantiai  amoimts 
of  either  o^gen  or  nitrogen  ^ 

4  *3  Effects  of  I'itanium  content 

the  following  work  was  done  to  determine  the  effect  of 
variations  in  titanium  content  on  strength* 

Sheets  containing  0.33#  0.3^*  and  0.865^  titanium#  and 


at  least  200  ppm  carbon  were  processed  by  sintering  at 

either  2150 

or  2300  < 

The  results 

of  tensile  tests  at 

1200  C  are  sh 

own  below. 

Compositipn,  <0 

1200  C 

’tensile  Properties 

Titanium 

qar&on 

0,33 

0.030 

a9 

23 

26 

0.3A 

0.020 

56 

43 

8 

0.86 

0.02? 

3k 

5? 

11 

a  0,2^  offset . 

A  titanitun  concentration  of  0.3^  i®  adequate. 


At  this  stage  of  our  development  work,  we  specified  the 
following  conditions  for  the  molybdeniun  alloy  that  we 


1.  Sintering  temperature,  I83O  to  23OO  G. 

2,  Composition 

A.  Titanium,  0.50  +  0.03^ 

1.  Carbon,  0.03  +  Of  010 
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fhe  composition  Of  this  powder-metallurgical  alloy, 
deslgnatad  is  similar  to  that  for  the  arc^cast 

alloy,  Mo=0*5fls 

4 *4  s t rang t henlng  Mechanl sm , In JMi'C 

The  sensitivity  of  the  hlgh^temperature  strength  of  mpc 
to  changes  in  sintering  temperature  and  carbon  content 
clearly  showed  the  need  for  a  knowledge  of  the 
St rengthenlng  mechanism . 

Definition  of  the  mechanism  required  Information  on  the 
effects  of  Interstitial  elements,  in-process  heat 
treatmentSi  and  rolling  schedule  variations  on  the  micro 
structure,  hardness,  and  high-temperature  strength  of 
the  alloy.  Part  of  the  necessary  experimental  work  was 
conducted  at  TowandaC®),  and  part  was  subcontracted  to 
the  General  Telephone  and  ilectronics  Laboratories • 
At  the  latter  location  a  survey  of  the  literature  was 
made  on  strengthening  In  are-cast  molybdenum-titanium 
alloys.  The  significant  portions  of  that  survey  are 
presented  below. 

4,4.1  Literature  Survey 

Increased  strengths  for  the  Mo-Tl  alloys  were 
reported  to  be  dependent  on  dispersions  formed 
by  solid-state  reactions  between  titanium  and 


the  inteJPstltlal  elements  ^  luff  end  et  and 

Jaffe©^®)  found  that  high=temperatune  stness- 
rupture  strengths  were  improved  when  finely 
dispersed  fiOa  was  presents  A  dispersion  of  TIN 
was  formed  by  Mi^herjee  and  Martin  by  diffusion 
of  nitrogen  into  arc-cast  Mo-l»0fii  An  investi¬ 
gation  of  surficlal  contamination  of  MO-OiSTi 
sheet  at  Universal  Cyclops f®)  indicated  that 
nitrogen  raised  the  recrystalllzation  temperature 
of  the  contaminated  layer*  Prom  strength  data 
on  various  arc -cast  a  Hoys  >  Semchyshen  and  Barr(®) 
concluded  that  a  critical  c/fi  ratio  is  necessary 
for  optiimM  strengthening  of  Mo-Ti-G  alloys* 

The  Influence  of  heat  treatment  and  composition 
on  the  mierostructure  and  properties  of  arc»cast 
Mo-Tl  alloys  was  studied  in  detail  by  Chang 
Electron  metallography.  X-ray  diffraction,  and 
chemical  analyses  were  used  to  determine  the 
interrelationships  among  the  reacting  phases  over 
a  wide  tenqperature  range*  For  Mo-lTl-0.lZr*C*lAc, 
hardening  was  caused  by  the  precipitation  of  TIC 
accompanied  by  dissolution  of  MogC,  which  was 
Stable  only  at  high  temperatures  *  Also,  the 
titanium  appeared  to  increase  the  high^temperature 
solubility  of  carbon  in  the  alloy. 
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For  a  M6-0*5f l'"Gi0350  alloy,  Chang  foynd  that  TIG 
existed  at  temperatures  below  I650  The  alloy 
In  the  reGSystalllzed  foimi  did  not  show  an  aging 
response  to  heat  treatment,  but  the  1200  C 
strength  of  the  alloy  In  the  worked  f om  was 
significantly  higher  (58-62  ksl)  than  that 
normally  obtained  (37  ksi).^3,io)  jje  suggested 
that  the  higher  than  nonnal  strengths  resulted 
from  strain-induced  precipitation  of  Tie  during 
final  working  after  a  I65O  C  heat  treatment # 

Chang  described  the  alloy  as  not  age -hard enable 
by  thermial  treatment  alone  because  of  "restricted 
carbide  soiutioning  at  high  temperatures"  rather 
than  because  of  any  deficiency  of  carbide* 

^*^•2  Effects  of  Interstitial  Elements 

Experiments  performed  by  the  General  Telephone 
and  Electronics  Laboratories  Indicated  that  large 
conGentratiOns  of  nitrogen  and  oxygen  do  not 
significantly  influence  the  1200  C  strength  of 
the  powder-metallurgical  Mo-Ti-C  alloys.  Results 
representative  of  the  bulk  of  the  data  are  shown 
in  Table  7lil.  There  is  considerable 
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variance  In  the  strength  values.  No  correlation 
with  the  changes  in  any  particular  interstitial 
impurity  is  apparent,  fhe  strengths  of  safflples 
90  and  9i  are  higher  than  those  ©f  the  others^ 
presuinahly  because  of  their  higher  carbon  content. 


a  The  sintering  temperature  was  C.  strength  properties  would 
have  been  higher  if  sintering  had  been  done  at  01^ 
above  1850  0,  The  titanivun  content  was  0,30  and  no  In-process 
heat  treatment  was  used. 


The  inaterials>  for  which  the  data  are  presented 
in  Tahle  VIIT>  were  all  processed  Siinilarly  hy 
presinterlnig  at  1C'6C'^11‘2C  C  in  vacuum>  Sintering 
one“half  hour  at  IJOC  0  to  a  density  of  about  85^, 
then  canning  in  molybdenum  prior  to  forging  at 
17 cc  c,  and  rolling  to  sheet  at  133^^  c*  All  but 
samples  106  and  IC7  were  exposed  to  a  nitrogen- 
containing  atmosphere  at  temperatures  between 
1500  and  1700  c, 

4*4*3  Titanium  Carbide  Dispersion 

The  lack  of  significant  effects  from  oxygen  and 
nitrogen  and  the  obvious  influence  of  carbon, 
presented  in  section  4.2,  indicate  that  carbon  is 
the  interstitial  element  which  is  active  in  the 
Strengthening  Of  the  MI'l  alloy.  Oarbon  alone  iS 
not  sufficient  to  provide  the  observed  strength 
increases.  This  is  indicated  by  a  12dt  C  tensile 
strength  Of  13  ksi,  which  was  determined  for  a 
Mo-C,074c  alloy  as  eompared  with  12  ksl  for 
unalloyed  molybdenum. 

The  indispensable  role  of  titanium  found  in  our 
investigation  and  others ,  and  the  large 
Influence  of  carbon  indicate  that  titanium  carbide 


is  the  stPengthening  agent.  The  presence  of  a 
titanitian  carhide  precipitate  was  verified  by  Chang 
in  Mo*lfi-0.lzr“0.14c,  as  mentioned  previously * 

He  also  showed  that  molybdenum  carbides  are 
stable  Only  at  hi^  temperatures*  ruling  th^ 
out  as  strengtheners  at  1200  0* 

While  the  dispersed  TIC  phase  is  presumed  to  be 
the  strengthening  agent,  the  actual  mechanism  for 
obtaining  the  TiC  dispersion  remains  to  be 
determined.  Temperature-induced  precipitation 
is  not  active  in  forming  the  strengthening 
dispersion  in  the  annealed  alloy  as  was  demon¬ 
strated  by  Chang  and  is  indicated  by  the  plots 
of  Figure  9  from  the  q,  t.  and  1.  investigation. 

In  the  figure*  room-temperature  hardness  is 
plotted  as  a  function  of  heat -treatment  tempera- 
txire  for  powder-metallurgical  Mo-0.5Ti-Q.o8c  and 
Mo-C,5T1-0.i6c  and  for  arc-cast  Mo-Tl-zr-e(in) , 
Only  the  last  composition  shows  an  age-hardening 
response . 

While  heat  treatment  alone  does  not  result  In  the 
formation  of  a  precipitate,  it  is  possible  that 
the  application  of  strain  In  the  appropriate 
temperature  range  may  alter  the  kinetics  of 
precipitation  by  providing  an  increased  number  of 
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Fig.  9.  Room-teraperatiare  hardine»8  of  pecry»tRJll*ed  arc-east  TZC  rod!^®) 
and  powder -metallurgical  M0-O.5TI-C  sheet v»/  after  one  hour  at 
various  temperatiiafes .  IZC  shows  an  aging  response. 
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riTicleatidn  sites  s  ~he  rdliing  operations  d-urlrig 
proeeaslng  of  Mf‘C  sheet  probably  provide  the 
necessary  eondltlons  for  S'lch  straln-lndneed 
precipitation,  malclng  possible  the  formation  of 
a  dispersed  phase  of  tltanitiffi  carbide  ^ 

1‘heoretiGally,  the  fineness  of  a  strain-induced 
precipitate  and  the  resultant  matrix  strengthening 
are  determined  by  the  ateount  of  strain  and  the 
temperature  at  which  strain  occurs  *  Accordingly^ 
Sheet  properties  should  be  enhanced  by  the 
appropriate  selection  of  rolling  schedule, 
rolling  temperature,  and  in-process  heat  treatment . 
The  experiments  described  in  the  following  section 
were  designed  to  test  these  possibilities. 

4.4,4  !!eat"Treatment  Effects  cn  fiC  . Strengthening  of 

The  response  cf  Mi'i  r';lled  sheet  to  an  in-prceess 
heat  treatment  was  in"estigated  to  determine  the 
effects  of  aging  or.  strained  material  and  to 
evaluate  the  possiiiiicles  of  enhancing  final 
sheet  properties  by  In-proeess  solutionlng  of  TiC 
prior  to  final  working 

Based  on  the  sintering  data  presented  in  section 
4.1,  MTC  billets  were  sintered  at  23OC  C. 
Apparently,  sintering  at  about  that  temperature 
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facilitates  the  dlssclving  of  titanium  and  caaPbon 
by  Increasing  their  rate  of  dissolution  and 
raising  their  solubilities  in  the  matrix.  Also 
titanium  Is  a  liquid  above  about  1800  For  the 
arc-cast  alloy  the  dissolution  of  titanium  and 
carbon  is  accomplished  during  melting^  although 
excessive  precipitate  growth  during  cooling  and 
extrusion  may  require  re-solutlonlng  to  achieve 
an  optimum  dispersion » 

One-lnch-thick  sintered  MG  billets  were  forged 
to  4co  mils  at  Igcc  05  then  samples  were  heat- 
treated  at  1350,  1350,  IT^O,  1900  and  215c  G. 
After  rolling  to  4o  mils  at  1200  C,  the  chemical 
compositions  were  cheeked  and  the  tensile 
properties  at  1200  0  were  measured.  The  results 
are  shown  in  Table  iX.  The  high-temperature 
strengths  of  the  sheets  heat-treated  at  ITCG  G 
and  above  are  obviously  improved  (67-69  ksl)  over 
that  of  the  control  (56  ksi)>  while  heating  below 
1700  c  resulted  in  lowered  strengths  (48-50  ksl) • 

The  marked  response  of  the  strained  sheet  to 
heat  treatment  Of  the  plate  Is  Indicative  of 
strengthening  by  strain-induced  precipitation. 
Strengths  higher  than  that  of  the  control  can  be 
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attributed  to  dissolution  Of  TiC  followed  by 
precipitation  during  subsequent  defonnation  at  a 
lower  teftiperature  (1200  c)^  strengths  lower  than 
that  of  the  control  apparently  resulted  because 
Tie  did  not  dissolve  In  the  matrix  at  1330  and 
155^  0^  but  instead^  coalesced  sufficiently  to 
lessen  the  effectiveness  of  the  dispersion^  The 
improvement  in  final  sheet  properties  by  proper 
in-process  heat  treatment >  prior  to  final  working, 
is  amply  demonstrated  by  these  results. 


TABU  IX 


EFFE 

CT  OF  BEAT  TREATME 

NT  AT 

4CC  MILS  ON  THE 

IW^, 

0  TiNSICE 

FKOFHRTIIS  OF. 

30^MXL  MTC  BHEET 

Temperature 
.  c 

Time 
at  Temp, 
hr 

Carbon 

% 

yrs 

ksi 

YS,0.2^  Offset 
.  ksi 

Elongation 
1  % 

2150 

0.50 

0.030 

69 

64 

9 

1900 

1.0 

0.029 

67 

55 

lo 

1700 

2.0 

0.031 

67 

53 

12 

None  (Control) 

0.038 

56 

46 

12 

1550 

7.5 

0.037 

3C 

42 

11 

^350 

18 

0.038 

48 

41 

11 

I 


46 


Figure  10  shows  the  12CC  C  Strengths  of  sheets  as 
a  function  Of  carbon  content.  The  sheets  were 
processed  with  a  re«solutiOin  heat  treatment 
prior  to  final  working  as  disGUSsed  above  ^  Trie 
ultimate'^strength  range  for  sheet  without  the 
heat  treatment  is  shwWn  for  comparison.  T^,e 
samples  include  those  heat-treated  at  I7OO  c  and 
above  in  the  preceding  experiment  and  samples 
32^1CA,  llA,  12A>  w’rjeh  Were  discussed  in  Interim 
Report  NO .  17 . 

^.^•5  Effects  of  Rolling  on  Tic  Strengthening  of  Mgc 
Rolling  experiments  were  selected  to  evaluate 
the  effect  of  strain  on  strengthening ) . 
Different  amounts  of  strain  were  introduced  into 
sheet  by  similarly  rolling  plates,  which  were 
either  620  or  4oo  mils  thick,  to  40~mll  sheet. 
Additional  variations  of  strain  were  introduced 
by  rolling  the  plates  to  120  mils  at  either 
llCC  C  or  l40C  C  before  rolling  to  mils  at 
HOC  and  about  200  0,  Sheets  from  plates 
seluticn’^treated  for  two  hours  at  HOC  C  were 
compared  with  sheets  from  untreated  plates  at 
comparable  strain  levels.  Tensile  properties  of 
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Pig.  10.  Effect  of  re-aototton  lioat  treatment  of  400*-mll  MIC  plate  at  or 
above  I7OO  C  on  the  1200'  €'  laltlmate  tensile  strength'  of  %0-mil 

sheet.  A  a,  4)' 


the  4o-mil  sheets  were  measured  at  1200  c  and  the 
ultimate  tensile  strengths  are  shown  In  Table  X. 
the  above  procedure  is  illustrated  schematically 
in  Figure  11^ 


TABLE  X 

EPPlGT  OF  IffiAf  TREATI^T  AND  STRAIN 
•  ON  STOBWaTH  GP  40-TgL'WFe  SHEgf 


_ Heat  Treatment (a) 

UTS 
at  1200  G 

Rolling  , 
Temperature ' 

Fiate  Thickness 

Temperature 

at  Heat  Treatment 

hrs 

c 

0 

620  mils 

400  mils 

-  None 

- 

1100 

48 

56 

2 

1700 

1100 

$3 

60 

-  None 

- 

1400 

49 

(c) 

2 

1700 

1400 

49 

52 

a  This  heat  treatment  was  applied  to  the  plate  prior  to  Inter¬ 
mediate  and  final  rolling. 

b  The  material  was  rolled  at  this  temperature  to  120  mils  thick, 
then  rolled  to  4o  mils  at  1100  and  about  200  C, 

c  Not  rolled  to  sheet. 

The  results  were  again  consistent  with  a  strain- 
induced  precipitation  mechanism.  The  highest 
strength  (6o  ksi)  was  obtained  for  the  sheet 
rolled  at  IlOO  c  from  the  4oo-mil  plate  which  was 
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solution  heat-treated.  Continued  coalescence  of 
the  precipitate  (over-aging)^  which  we  assuine 
occurred  when  the  solution  heat-treatnient  was 
oMtted,  resulted  in  decreased  effectiveness  of 
the  dispersion  and  lowered  strength  (56  ksl) . 
increased  strain  from  rolling  a  thicker  plate 
apparently  caused  over “aging  to  an  even  greater 
degree  (48  ksi);^  although  the  solution  heat- 
treatment  still  improved  the  strength  (55  vs. 

48  ksi). 

Rolling  at  the  higher  tesfiperature  (14oo  c) 
permitted  more  rapid  precipitate  growth  because 
of  increased  diffusiQn  rates  than  was  possible 
at  1100  c,  and  the  ultimate  tensile  strength  for 
the  solution  heat-treated  material  dropped  from 
60  to  52  ksi*  The  increased  strain,  which  was  a 
result  of  rolling  from  620  mils  at  14oo  c, 
increased  the  rate  of  precipitate  growth  nullifying 
the  effects  of  re-solutlon  heat -treatment.  The 
ultimate  tensile  strength  for  both  sheets  was 

49  ksi. 

4.4.6  gunmary 

The  strengthening  of  the  MTC  alloy  by  strain- 
induced  preclpltatlQn  of  TiC  has  been  qualitatively 
confirmed  by  the  preceding  considerations. 


Conclusive  metallogiraphlG  evidence  or  other 
quantitative  data  are  deslrahle  hut  were  not 
obtained*  More  thorough  analysis  of  the  jaechanism 
awaits  additional  knowledge  of  the  quantity  and 
type  of  phases  present  at  the  temperatures  and 
strain  conditions  under  investigation*  fhe 
importance  of  rolling  temperature,  in*process 
heat  treatment,  and  amount  of  deformation  have 
been  aiis>ly  deffionstzmted . 

5.0  PROCESS  FOR  MTC  SHEET 

Based  On  our  deveiopKient  work,  process  specifications  were 

prepared  for  ko^mil  i®C  sheet*  fhese  specif ications> 

fF‘33i  and  appear  in  Appendix  III.  The  processing 

steps  are: 

1.  Mix  reqtiired  amounts  of  molybdeninn,  titanium  hydride, 
and  carbon  powders. 

2,  Press  into  billets. 

5,  Sinter  to  at  least  925^  of  theoretical  density  at  2300  c 
in  dry  hydrogen. 

4,  Breakdown -^ro  11  at  1400-1430  C  from  I.3  inches  to 
400  mils, 

5,  Re-solution  heat-treat  for  two  hours  at  1700  C  (plate 
recrystallizes) . 

6,  Cross-roll  at  1100  C  to  130  mils. 


7.  Sffalght»foll  at  1100  G  to  6o  alls. 

8.  Itch  to  55  mils. 

9.  Stralght^fOll  cold  to  40  alls. 

Itching  near  the  finished  size  lowers  the  duct lie -brittle 
transition  temperature  by  an  average  of  25  c .  We  etched  In 
a  solution,  one  part  by  volume  495^  w  solution  and  njne  parts 
by  volume  concentrated  HNO3. 

Breakdown  rolling  at  I500  c  results  in  spilt  plate  at  40C  ails. 
If  hreakdown  rolling  Is  done  at  or  above  1475  c  final  rolling 
must  be  done  at  a  rather  high  temperature,  ~500  C,  to  avoid 
failure. 

It  is  Important  tlriat  the  lead  and  lag  ends  of  the  Sheet  are 
trlnmied  after  cross -rolling.  '7hese  ends  are  thinner  than  the 
rest  of  the  sheet >  and  If  they  are  not  trlnnned  the  Incidence 
of  edge  cracking  is  high  upon  subsequent  straight -rolling. 

Purlng  the  contract  period  we  liSd  an  opportwiity  to  d^onstrate 
the  feasibility  of  breaking  down  sintered  mtc  by  methods 
other  than  rolling.  Figure  12  shows.  In  addition  to  a  rolled 
plate,  a  plate  reduced  50^  in  height  by  press-forging  in  one 
pressing  at  1500  c,  and  a  rod  reduced  77^  In  area  by 
extrusion  In  a  pynapak  at  1625  C. 


Fig.  12.  MTC  broken  d'own  from  sintiered  billets  by  press -forging 
and  by  rolling  at  I5OO  €  and  by  extruding  in  a  Dynapak 
at  1625  C. 


Klght  4o-mil  I®G  sheets  were  produced  and  delivered  to  the 
Bureau  of  Naval  weapons*  six  sheets  were  6"  x  20",  and  two 
sheets  were  about  7=-5/S"  x  17 1/8"*  The  sheets  were  rolled 
from  eight  sintered  billets  prepared  from  the  same  powder 
mix.  Mixing,  pressing,  and  sintering  were  done  according  to 
specifications  pp*32  and  pf*53>  and  the  data  appear  in 
Appendix  Iv*  Two  of  the  eight  billets.  Nos.  29“1S  and  29*18, 
were  rolled  according  to  specification  Pp=34*  The  other  six 
billets.  Nos.  29*3,  ^7,  *9>  “10,  “11,  and  *13,  were  rolled 
first  and  by  a  somewhat  different  shcedule*  These  billets 
were  broken  down  at  1475  C  instead  of  at  l4oo  0,  the  sheets 
were  etched  from  45  to  40  mils  instead  of  from  60  to  55  mils, 
and  the  final  rolling  was  done  at  *«500  c  instead  of  at  room 
temperature.  The  two  sheets  rolled  according  to  specif 1* 
cation  Pf*34  were  more  finely  fibrous  and  had  a  better  surface 
appearance  than  those  of  the  Other  Six*  The  rolling  data 
appear  in  Appendix  iv. 

6,0  EVALUATION  OF  MTC  SIfflBT 

We  performed  no  exhaustive  statistical  evaluation  of  the 
properties  of  MTC  Sheet .  However,  we  did  evaluate  some  of 
the  sheets  which  were  sent  to  the  Bureau  of  Naval  Weapons 
and  others  which  were  produced  in  a  similar  manner.  The 
evaluation  consisted  of  the  determination  of  composition. 
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ductlle*brlttle  transition  temperature*  Some  properties  were 
evaluated  enough  times  to  give  an  idea  of  the  degree  of 
reprodUGifeility*  Early  in  the  development  work  some  stress- 
rupture  data  were  obtained  on  sheet  processed  with  no 
re-solution  heat  ti'eatment* 


6*1  composition 

chemiGal  analyses  for  six  of  the  eight  sheets  delivered 
to  the  Bureau  of  Naval  weapons  appear  in  Table  XX  and 
are  summarized  below* 


ll^ents 

Average 

Range 

Titanium 

0*50^ 

0*45-0*54^ 

carbon 

260  ppm 

220-510  ppm 

Oxygen 

35  ppm 

15-110  ppm 

Nitrogen 

12  ppm 

2-  22  ppm 

Hydrogen 

1  ppm 

1-  2  ppm 

Molybdenum 

iai. 

Changes  in  composition  during  processing  are  shown 
below: 


Element 

Mix 

Billet 

Sheet 

Titanium 

0*50^ 

0*50?^ 

Carbon 

870  ppm 

280  ppm 

260  ppm 

Oxygen 

900  ppm* 

80  ppm 

35  PPE 

Nitrogen 

- 

10  ppm 

12  ppm 

*  Weight  loss  of  Mo  powder  in  hydrogen. 
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The  amounts  of  caz^bdn  and  o^gen  lost  du^^ing  pz^ooessing 
are  In  the  proportion  corresponding  to  the  reaction 

PC  +  O2  **  2G  0 

which  took  place  during  the  sintering  cycie^*^^ 

we  do  not  know  why  the  oxygen  content  of  the  sheet  is 
apparently  lower  than  that  of  the  sintered  billet. 

6iP  Reczystallization  femperature 

the  gOj^^recrystallization  temperature  was  determined 
from  hardness  measurements  on  sheet  samples  annealed  for 
one  hour  at  various  temperatures  and  was  subsequently 
verified  by  metallographic  examination.  The  hardness 
values  are  in  Table  Xll,  and  they  are  plotted  as  a 
fmctlon  of  annealing  temperature  in  Figure  15*  The  005^“ 
recrystalllzation  temperature  ranges  from  l20C*^ltt0  G. 

Figure  14  shows  photomicrographs  of  two  of  the  eight 
as^rolled  sheets  sent  to  the  Bureau  of  Naval  Weapons. 

One  sheet  was  rolled  acGordlng  to  specif leatlon  PF«54. 

In  this  sheet  the  fibers  are  finer  than  those  of  the  other 
sheet,  which  was  rolled  by  the  original  schedule.  Figure 
15  shows  photomicrographs  of  sheet  annealed  for  one  hour 
at  12C0  C  and  1500  c.  The  structure  resulting  from 
annealing  at  1200  c  is  about  50^  recrystallized. 


0 

0 

0 

0 

0 

iD 

CM 

CO 

0 

lO 

to 

CM 

N 

ovon  ft>i-02  *Hdg 


AS- ROLLED  800  tOOO  1200  (400  (600 

ONE- HOUR  ANNEALING  TEIMPERATURE  ,  C 

Pig,.  15.  Peciystalllzati'O'O  temperatiuire  of  ^O-nvll  ffiC  sheet  as  dietermlTied! 
by  hardness  measurements. 


ANNEALED  MTC 


ONE  HOUR  AT  1200  0 


ONE  HOUR  AT  1300  C 


15*  Longitudinal  structure  of  annealed  40Hmll  ?®C  sheet 
at  q3X.  Sheet  atmealed  for  one  hour  at  1200  C  is 
about  30^  recrystallized.  Number  on  photomicrograph 
is  DPH. 


TABLE  XII 
HARDNiSS_  OP  f  INAL  JiC  JHEIT 


PPiso-kK,. 

After  One 

Hour  at  Indicated  1 

’emperature,  c 

Sheet  No. 

As -Rolled 

iiOO 

1150 

1200 

1250 

1300 

1400 

312 

303 

301 

273 

217 

208 

203 

29-7 

331 

294 

296 

274 

221 

213 

200 

29-9 

329 

312 

315 

288 

218 

213 

200 

29-10 

325 

317 

312 

258 

207 

204 

199 

29-11 

331 

300 

308 

278 

222 

203 

204 

29-13 

331 

308 

30c 

261 

215 

208 

199 

29-lS 

305 

- 

- 

- 

= 

- 

- 

29-16 

317 

- 

- 

- 

- 

- 

Average 

323 

306 

305 

272 

217 

208 

201 

NOTi:  one 

-hour  50^-reciystalllzation 

temperature  * 

1200-1220  C 

The  average  curve  of  hardness  vs  annealing  temfjerature 
for  MTC  sheet  is  compared  to  those  for  the  two  base 
materials,  powder^metallurgical  molybdenum  and  arc-cast 
Mo-O.^fi  sheets,  in  Figure  16.  MTC  and  arc -cast  Mo-C*5Tl 
sheets  are  about  50^  recrystalllzed  within  the  same 
temP^^stture  range-  This  range  Is  about  I80  C  above 
that  for  powder-metallurgical  molybdenxun  sheet.  The 
hardness  of  MTC  sheet  begins  to  drop  sharply  at  about 
11^0  c,  whereas,  that  of  arc-cast  MQ-o,5Ti  sheet  begins 
to  drop  at  about  1020  c* 


RECRYSTALLIZATION  COMPARl  SON 
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Tensile  propex^ties  of  as«rolled  sheets  were  measured  In 
the  longitudinal  direction  at  B3j  1095#  and  1200  c,  and 
In  the  transverse  direction  at  25  and  12oo  in 
addition  tensile  properties  of  recrystallized  sheets 
were  measured  at  23  and  1315  The  data  are  In  fable 
XIII i  strengths  and  elongations  In  the  transverse 
direction  were  respectively  higher  and  lower  than  those 
In  the  longitudinal  direction ^ 

Tensile  properties  are  plotted  as  a  fimctlon  of  test 
temperature  in  figure  17*  The  ultimate  tensile  strengths 
range  from  j6  ksl  at  1095  0  in  the  as**rolled  condition 
to  19  icsl  at  1315  0  in  the  recrystalllzed  condition. 

The  strengths  of  Mfc  sheet  are  compared  to  those  for  the 
two  base  materials  in  figure  18.  The  targets  for  high-^ 
temperature  strength  for  fabrlcable  molybdenum  alloys, 
established  by  the  Refractory  Metal  Sheet  Rolling  Panel# 
are  also  included.  MTC  sheet  Is  considerably  stronger 
than  arc^cast  Mo^c.^Ti  sheet  at  1095  and  I200  c,  but  at 
1315  0  the  strengths  are  about  equals  We  expect  that  at 
1095  and  1200  c  arc^cast  Mo-^c.5Ti  sheet  could  be  as 
strong  as  MTC  sheet  if  a  proper  re=^50iution  heat  treatment 
was  Incorporated.  At  1095  c,  rwc  sheet  meets  the 
Refractory  Metal  Sheet  Rolling  Panel’s  target  strength. 
However,  it  falls  far  short  of  the  target  at  1315  c* 


TABIE  XIII  -  TENSILE  PROPERTIES  OF  MTC  SHEET 
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TIMPER  A^y  R  E  ,  C 

Hlgh-temperat^re  tensile  properties  of  ^0-mil  MEC  Stieet.  Spec: 
reei*ystailized!  for  one  honr  at  1%50  C  were  nseeli  for  testing  at 
1315  C.  As^rolled  speeinvens,  were  used  for  testing,  at  1095  and 
1200  C  In  tfee  longitudinal  direction.  Yield  strengtli  is  0.2^ 
offset . 
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6.4  Ductile^Brlttle  fransltlon  Temperature 


The  duGtile-bi^ittle  traftsitlon  temperature  of  as^rolled 
MTC  sheet  was  determined  in  both  the  longitudinal  and 
transverse  directions  by  the  bend  test.  The  results  are 
In  Table  xp’  and  are  summarized  below. 


Direction 

Dongltudinal 

Transverse 


Range 

<-75  to  -aSG 
-25  to  6c 


<-400 


>-170 


Additional  development  of  the  rolling  schedule  Is 
necessary  to  obtain  similar  values  in  both  directions. 


TABLE  xr; 


Dycf I LE.  ffilTTLl  TRANSITION  TEMPERATURE 


- Of  46-MlD:As  ’R01.!Jfiri€^mif - 

Re-solution  Time 

DITT. 

C 

Sheet  No* 

at  ifOO  G.  hr 

Eon^ltudinai 

'fransyerse 

29-6 

2 

<-25 

0 

29-12 

2 

-25 

25 

29-15 

2 

- 

>-25 

29-16 

2 

- 

-25 

22-IOA 

1 

-50 

-25 

22-*llA 

2 

<-75 

0 

22-12A 

4 

-25 

0 

Ave. 

<-4o 

>-17 

6.5  St  r ess  ?Rup ture 

Data  on  stress -rupture  at  1200  c  were  obtained  for  MTC 
Sheets  and  for  the  base  sheets.  No  re^solutlon  heat 
treatment  was  used  In  processing  the  mtc  sheet s>  which 


were  rolled  from  billets  sintered  at  2150  C»  fhe  data 
appear  in  fable  XV  and  are  plotted  in  Figure  19*  From 
this  plot  the  following  one*  and  ten*hour  rupture 
stresses  were  detezinlned* 

Majtejd.alL  Rupture  Stress  at  1200  c*  ksi 


Mo 

11 

* 

Mo*0.5Ti 

23 

15 

MTG 

40(a) 

26 

MfC  sheet  ruptures  at  a  higher  stress  for  a  given  time 
than  does  arc*cast  Mo-o*5fi  sheet.  The  rupture  stress 
of  i^O  sheet  deGreases  at  a  faster  rate  than  does  that 
of  arc^east  Mo*0.5fi  sheet. 

Sxjmmary 

The  properties  of  powderi-metallurgical  molybdenxam, 
arc-cast  Mo*0.5Ti>  and  MfC  sheet  are  compared  in 
Table  XVI.  The  Refractory  Metal  Sheet  Rolling  Panel's 
target  values  are  also  included.  The  composition, 
I'eerystallizatlon  temperature,  and  ductlle*brittle 
transition  temperature  of  M'C  sheet  are  about  the  same 
as  those  of  arc-icast  Mo^o.^fi  sheet.  At  25,  1095#  and 
1200  c  the  ultimate  tensile  strength  and  the  yield 
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fABLE  XV 


data. 

FOR  StRESS  5 

?UPTUR1  AT  1200  0 

Rupture  Time,  Hr 

Base  i&teriaiB 

Ap£>ile4  StreeB  *  ksl 

Powder“Met> 

Ho  Aro-Cast  Mo-0.5T£ 

30i0 

Ave. 

2.4 

U 

5.4 

8.2 

4.8 

25.0 

Ave. 

6.5 

17.9 

9.3 

24.2 

16. 9 

24.0 

0.43 

23.0 

1.70 

22.5 

0.94 

• 

21.5 

Ave. 

27.2 

32.2 

32.2 

30.5 

18.5 

3.45 

17.6 

5.42 

17.3 

-- 

40.4 

17  fO 

0.28 

9,30 

13,0 

• 

4,50 

20,5 

Ave.  12.3 

14.0 

12.8 

13.0 

* 

12.5 

- 

9.60 

1.4 

- 

- 

8.00 

1,7 

- 

5.15 

26 

-■ 

a  No  ^<^solutlQn  heat  treatment 


STRESS-RUPTURE  COMPARISOM 


1/..  r'l.  ress-rup"  ire  c-.ruparlS'^i';  o-i"  -rrii  i  si  e-et  s  of  i-iTf.',-  pcwdier- 

oe^  a  i  1' ;rg‘leal  w--.  l-'t;dew....ra!  aiidi  are-cas*.  •  c-f  -  'ii  e  was. 
re  -s\.  .1  4 1 1  or  \  lea  •  •  reat  eoi . 


TABIiE  -  PROPERTIES  OF  40-MIL  Mo  AP)  Mo-AIJuOY 
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strength  of  sheet  is  higher  than  those  of  arc*cast 
mo^o.371  sheet.  At  1313  c  the  sti^ngths  ai«  about  the 

The  tensile  elongations  of  arc-cast  Mo^o.STl  sheet  are 
higher  than  those  of  MPC  sheet  at  25 >  1095 »  and  1200  C 
and  conslderatbly  lower  than  that  of  mtc  sheet  at  1315  G. 

MTC  sheet  meets  the  Refractory  Metal  Sheet  Rolling 
Panel’s  target  properties  for  ductile»brlttle  transition 
temperature  and  ultimate  tensile  strength  at  IO95  0. 

It  almost  meets  the  target  for  yield  strength  at  1095  G. 
However^  it  does  not  meet  the  targets  for  recrystalli^ 
zatlon  temperature,  room-^te^)erat\U‘e  tensile  elongation, 
and  strength  at  1315  G. 

7.0  GONGIUSlONS 

1,  Fowder-metallurglcal  mplybdenuin^inetal  oxide  sheets, 
prepared  during  attempts  to  translate  to  sheet  our 
experience  gained  from  developing  disperslon’Strengthened 
molybdenum  and  tungsten  wire,  showed  Increases  In  hlgh- 
temperature  properties  over  those  of  molybdenum  sheet. 
However,  these  increases  fell  short  of  those  obtained 
in  wire.  The  highest  increases  were  obtained  for 
Mo^laOGrzOs,  Mqs'0.5T102,  and  MG.*0.5Zr02. 
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Fowder^xfflgtallxifglcal  mdiyManTM‘^ail6y  sheets >  whose 
coaipositiohs  duplicated  those  of  sevei^l  comme^^cial  and 
developnental  arc^^cast  alloys,  also  showed  incx^ses  In 
high‘*temperature  pi^pertles  Over  those  of  molybdenum 
sheet*  However,  only  Mo«o.5^l“"C*03Gi  ultimately  designated 
MfCj  had  high^tesiperature  properties  which  were  similar 
to  those  of  it  s  arc  ■‘Cast  ccunterpart. 

3*  The  best  combination  of  high-  and  low-tmperature 

properties  was  obtained  for  4c-mll  MTg  sheet  by  a  process¬ 
ing  seduence  which  included: 

A.  adding  an  amotuit  of  carbon  to  a  powder  mix  of 
molybdenum  and  0.5^  tltanlimi  hydride  such  that 
resultant  sheet  contained  0*02-0,04515. 

B*  sintering  green  sheet  billets  at  or  above  1850  0  in 
dry  hydrogen  to  a  density  of  at  least  9^  Of  that  of 
theoretical* 

C.  heat-tremtlng  rolled  plates  at  or  above  1700  c 
prior  to  rolling  to  the  final  thickness  at  lower 
temperatures  * 

P,  etching  the  surficlal  layers  from  the  sheets  Just 
before  rolling  cold  to  4c  mils, 

4.  The  cond)08ltlon,  recrystallisatlon  temperature,  and  the 
ductile-brittle  transition  temperature  of  WTQ  sheet  are 
similar  to  those  of  arc-cast  Mo«0,5Tl.  MPCU  tensile 


sts^ength  and  tensile  elongation  are  respectively  higher 
and  lower  than  those  Of  arc^cast  MO-0«.gTl  up  to  1260  0. 

fhe  properties  of  MfC  sheet  are  laarginal  when  con^jared 
to  the  target  properties  established  by  the  Refractory 
Metal  sheet  Rolling  Panel  for  a  fabricable  molybdeniaa 
alloy.  MPC  sheet  meets  the  targets  for  duetlle*brlttle 
transition  temperature  and  ultimate  tensile  strength  at 
1095  G .  It  almost  meets  the  target  for  yield  strength 
at  1095  G.  However,  it  does  not  meet  the  targets  for 
room^temperature  tensile  elongation,  recrystaillzatlon 
temperature,  and  strength  at  1315  G*  Additional  process 
development  will  pTObably  never  result  in  achieving  the 
last  two  targets. 

Improvements  in  strength  and  recrystaillzatlon  t^pera- 
ture  of  sheet  relative  to  those  of  molybdenum  sheet 
are  attributed  to  the  precipitation  of  TIC  Induced  by 
strain  during  rolling. 
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AFPEirolX  I 

TARGET  PROPERTIES  FOR  PABRICABLE  MOLYBDENUM-ALLOY  SHEET ( » ) 


Reaulrfements 


In  Optimim  Compl# 
Condit Ipn ^  Recgyst  ^ 


1.  Ropm-feffipi  Tensile 

Ultlinate  Tensile  Strength,  ksi 
Yield  Strength, 0» 2^  Offset,  ksi 
Elongation,  per  cent 

2*  Elevated “Temp*  Tensile 
Temperature ,  P 

Ultimate  Tensile  strength,  ksi 
Yield  strength,  0.2^  Offset,  ksi 
Elongation,  per  cent 

3*  Oreep“Rupture (State  Stress  and  Elong.) 
at 

Temperature,  F 
Rupture “Time,  hr 

4*  Recrystalllzatlon  (in  opt.  condition) 
50^  by  metallographic  observation 
Time 

Temperature,  F 

5*  Notch  Sensitivity  *  ratio(^) 

6.  Transition  Tempefature  (In  opt. 
condition) 

in  bending  4T 
tensile,  notched 
Smooth 

Impact ,  Charpy 

7,  Bend  ductility  (Room  Temperature) 

Base  metal 

Welded  (weld  transverse  to  bend  a:3d,s) 


*  * 

«  * 


10 

10 

2000 

2400 

P 

50 

ou 

# 

PD 

« 

2000 

2400 

IjlO 

ijio 

1  hr 
2600 

1.0  (RT) 


^40 

State 


II 

II 


IT 

4T 


8.  STATE  FOLIOWING; 

Density 
Helting  Point 
Emlssivlty 

Modulus  of  Elasticity 
Thermal  Shock  Resistance 
Creep  Properties 

Oxidation  Resistance  &  Contamination 
Coatabliity 

Experience  with  45*  Brittleness 
Lamination  Tendency 


*  To  be  furnished 

a  Report  No.  172M,  "Report  on  Refractory  Metals  Sheet  Rolling  Panel's 
Activities",  by  Materials  Advisory  Board's  Refractory  Metal  Sheet 
Rolling  Panel,  May  22,  1961. 

b  Kt  6.0,  PA  4o^  (See  As*^  Bulletin,  January  I960,  p  29) 
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APflNDIX  12 
^ESfatO  PRQCEMRlS 

CHEMICAL  _ANALYSIS 

1,  Sampling  Samples  of  powder  mixes  and  rolled  sheets  were 
taken  at  random*  Samples  of  sintered  billets  were  out  from  a 
given  end,  Gonsistent  with  sintering^fumaee  orientati^. 

2»  determinations 

A*  fitaniiia  -  Determinations  were  made  by  a  wet  chemical 
method*  A  1-4 »g  sample  was  dissolved  in  aqua  regia*  The 
solution  was  evaporated  to  a  low  volume  and  diluted  with 
water*  It  was  made  ammoniGal  and  T102»H20  precipitated# 
The  preGipitate  was  filtered*  washed,  ignited,  and  weighed 
as  Ti02. 

1*  Carbon  -  Let erminat ions  were  made  by  a  conductometric 

method  in  a  Leeo  apparatus*  A  C*l'-0»4-*g  sample  was  used. 
C*  Oxygen  ^  Let ermlnat ions  were  made  by  either  the  vacuum- 
fusion  method  with  a  Fisher’S  Serf ass  Gas  Analyzer  or  the 
Inert -gas -fusion  method  with  a  Leco  conductometric 
apparatus.  A  0.1"0  4-g  sample  was  used* 

D*  Nitrogen  -  Leteiminatlons  were  made  by  either  the  vacuum- 
fusion  method  or  the  micro4tJeldahl  method  with  an  all- 
glass  system*  A  o.l-O^-g  sample  was  used* 

1*  Hydrogen  «  Determinations  were  made  by  the  vacuum-fusion 
method*  A  o.i-C,4-g  sample  was  used. 


I 


7*1 


PHySlCAlt  flsf ING 

1.  Room-femperatyre  Tensile ^  Tests  were  done  on  either  an  Instron 
or  Rlehle  testing  machine  ^  in  most  cases.«  tensile  test  date 
for  a  given  sheet  represent  averages  of  two  tests*  Either  a 
standard  ASTM  speciaen  or  a  smaller  specimen  with  a  1/^"  x  1" 
gage  section  was  used*  The  strain  rate  was  0*0&3/min  to  the 
0.6^  offset*  prom  the  0.6^  offset  to  fracture^  a  strain  rate 
of  O*05/mln  was  used>  except  for  a  few  specimens  for  which  a 
strain  rate  of  6.02/mln  was  used.  In  most  cases  the  strain 
rate  was  determined  by  the  rate  of  crosshead  separation. 
Elongation  was  computed  from  gage  marks  on  the  specimen. 

Yield  strength  was  determined  at  the  0.2^  offset  on  a  stress* 
strain  curve  where  the  strain  was  obtained  from  orosshead 
movement . 

t.  Kigh-Temperature  Tensile.  Specimens  with  a  1/^"  x  1"  gage 
section  and  pln*type  gripping  ends  were  used*  The  strain 
rate,  as  determined  by  the  rate  of  crosshead  separation,  was 
G.005/min  to  the  0.65^  offset.  From  the  0.65^  offset  to 
fracture,  the  strain  rate  was  0.02/mln.  Tests  were  done  at 
980,  1095,  12CC  and  1515  C  by  an  Instron  testing  machine 
equipped  with  a  Brew  vacuum  furnace  with  tantalum  heating 
elements*  A  vacuum  of  10^^  nun  of  mercury  or  better  was 
obtained  for  each  test.  Specimens  tested  at  1515  0  were 
previously  recrystalllzed  by  heating  at  1^50  G  for  one  hour 
in  a  hydrogen  atmosphere* 


73 


feats  at  tfte  other  teaperatures  lised  specimens  In  the  as» 
rolled  condition*  Specimens  were  heated  to  the  testing 
tempera ttares  in  8-=  10  minutes  and  held  5  minutes  at  tempera-^ 
ture  before  starting  the  test*  fhe  testing  temperature* 
controlled  within  +  5  G*  was  measured  by  a  platinum  vs 
platlnum-io^  rhodium  thereaocouple  attached  to  the  specimen 
from  a  Leeds  and  Northrup  potentiometer*  fhe  yield  strength 
was  determined  at  the  0*^  offset  on  a  stress^straln  curve 
with  the  crosshead  movement  as  a  measure  of  the  strain, 
liongatlon  was  determined  by  gage  marks.  Most  1^00  c  tests 
were  done  In  duplicate* 

3*  Stress -Rupture*  Stress -ruptiare  tests  were  done  with  a 

6C00-pound  capacity  fatnall  stress -rupture  tester  with  lever 
ratio  of  4*5:1.  Machined  sheet  speGlmens  were  heated  In  a 
Kanthol-wound  resistance  furnace  equipped  with  a  vacuum  retort* 
The  vacuum  ranged  from  25  to  50  H  of  mercury.  The  testing 
temperature  of  1200  C  was  reached  in  four  to  five  hours  and 
was  held  for  one-half  hour  before  applying  the  load* 

Temperature  was  measured  by  three  platinum  vs  platinum-lC'J^ 
rhodiuin  thermocouples  attached  one  to  each  end  and  one  to  the 
center  of  the  gage  length.  The  temperature  was  controlled 
within  +  6  c.  The  specimens  had  a  l/2  x  2=1/^"  reduced 
section  with  a  2''  gage  length,  rin-type  grips  Were  used. 
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Reciystalllzatlen  Temperature.  Test  eduponsi  approxliBately 
l/g^inGh  aquarei  were  heated  at  various  temperatures  for  one 
hour  in  hydrogen.  They  reached  temperature  in  five  minutes* 

The  tenpsziature,  measured  either  by  a  theimocouple  located 
near  the  boat  Gontaining  the  specimens  or  by  a  micro^optical 
pyrometer  sighted  on  a  carbon  block  In  the  boat,  was  controlled 
within  +  10  0*  The  diamond  pyramid  hardness  was  determined 
for  each  specimen  from  the  average  of  three  Impressions  made 
by  a  20 -kg  weight.  Hardness  versus  annealing  temperature 
curves  were  drawn*  From  these  the  temperature  at  which  a 
given  Sheet  was  recrystallized  30^  In  one  hour  was  determined 
as  that  temperature  corresponding  to  2/3  of  the  hardness  drop 
from  the  as^^rolled  to  the  fully  annealed  condition.  This 
temperature  was  then  confirmed  by  metaliographic  examination. 

5.  puctiie-irittie  Transition  Temperature.  This  was  determined 
by  bending  as-rolled  sheet  specimens,  1**  x  3">  through  an 
angle  of  105°  at  various  temperatures  in  Increments  of  23  c 
until  the  transition  temperature  was  bracketed.  The  edges  of 
each  specimen  were  rounded  by  grinding  In  a  direction  parallel 
to  the  major  axis  on  a  ItO^grlt  wet  belt.  The  bend’^test 
equipment  consisted  of  a  mated  75“  7-punch  and  die  set 
operated  in  conjunction  with  an  Instron  testing  machine.  The 
punch,  with  a  C.l6c'‘  (4t)  radius,  was  mounted  on  the  movable 
crosshead  of  the  testing  machine.  The  punch,  moving  at 


T7 

10  Ini/mln,  bent  the  specimens  which  were  located  across  the 
top  of  the  die*  The  die  was  in  the  bottom  of  an  insulated 
chamber  which  was  partially  filled  with  various  liquids  for 
testing  above  and  below  room  temperature*  Tests  above  room 
temperature  were  done  in  either  glycerine  or  mineral  oil 
heated  to  various  temperatures  by  an  iaanersion  heater*  The 
maximum  testing  temperature  was  25O  g*  Tests  down  to  *75  c 
were  done  in  isopropanol  cooled  to  various  temperatures  by 
dry  lee*  Testing  temperatures  were  controlled  within  +  5  C. 
The  Specimens  were  held  at  temperature  for  three  minutes 
before  bending* 

The  lowest  temperature  at  which  specimens  could  be  bent 
without  failure  (as  observed  at  ic  x)  was  considered  to  be  the 
ductile**hrlttle  transition  temperature* 


AfPEI^IX  III 

PROCESS  SPlClPlGAflONS  FOR  J®PC  SHEET 
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SPECIFICATION  PP-32 

PRFPftPATTOM  nF  flRTCTCN  MTC  SPFFT  RTT.T.FTR  PQR  CONTRACT  NOaS  6O-6OI8-C 


A.  RA¥  MATERIA 

1  i  Mo  ly bd  enuffl  powdeJ? : 


MolybdentM  content,  ^  mlm  based  On  metals  99*9 

weight  loss  in  hydrogen  at  950  G  for  one 

ho\ir,  ^  maximum  0^1 

Metallic  impurities,  ppm  maximum,  A1  10 

Ga  10 

Cr  100 

Cu  5 

Mg  10 

Mn  10 

Pe  50 

Ni  100 

Pb  10 

Si  200 

Sn  |0 

Mesh  Size  ^100 

Pisher  Subsieve  Size>  microns  3 *5^5 • 5 

^Ik  density,  g/in^  20*35 


2 .  Titanium  hydride 

Grade  E,  Metals  Hydride  inc.,  sieved  through  a 
525"niesh  screen# 

Fisher  Subsieve  Size,  using  density  of  3*76  g/cc: 
6ix  maximum  # 

3  #  Carbon 

Grade  SP*2,  National  Carbon  company# 


B,  PROCEDGRE 
1 .  Mixing 

a#  Weigh  out  molybdenum,  titanium  hydride#  and  carbon 
such  that 

(Wt.  of  TlHa)  -  0.00523  X  (Wt.  of  Mo) 

(Wt#  of  C)  =  0 #00085  X  (Wt.  of  Mo) 


I)i  Mix  fiHa  and  C  for  0*5  hr  by  tumbling. 

c.  Mix  tha  mixture  of  flHz  and  0  with  the  Mo  for 
5  hr  in  a  blender. 

d.  Store  under  nitrogen^ 

Pressing 

a.  Fill  a  pliable  mold  of  cross  section  2«5/8”  x  2^3/0” 
with  about  2.S  kg  of  the  mlxsd  powder  from  l.d. 

b.  Press  isostatically  at  30  ksi  and  round  the  corners  to 
a  maxhBum  diagonal  of  2  inches. 

e.  Determine  the  billet  daislties. 

d.  Seal  billets  in  polyethylene  with  a  packet  of 
desiccant . 


I 


MAgmyLig 

Green  inc  sheet  billets  prej^red  aceordlng  to  Speelflcatiori 

pp-3^. 

PBMiroi. 

1^  Load  a  single  billet  Into  a  2"  IB  tiingsten  susceptor 
in  a  50“»kw  Induction  furnace^ 

2.  Glose  the  furnace  and  flush  with  dry  hydrogen  (dew 
point  <*35C)i 

3i  Heat  billet  to  2300  C  in  about  75  fflinutes  and  hold  at 
temperature  for  90  minutes^ 

cool  while  flushing  with  dry  hydrogen. 

5*  Submit  for  rolling  all  billets  with  the  approximate 

dimensions  1*5"  x  i*5"  x  6*5"  which  satisfy  the  following 
requirements : 


Density,  based  on  a  theoretical  density 
of  10.14  g/cc,  ^ 
carbonj  ppm 
Oxygen,  ppm 
Nitrogen,  ppm 


92  min. 
200-400 
<200 
rr5 


The  analyses  are  to  be  based  on  samples  from  a  1/4”  slice 
cut  from  one  end  of  each  billet . 


SPECIFICATION  PF-34 

ROLLING  MIC  SHEET  BILLETS  TO  40  MILS  FOR  CONTRACT  NOas  6O-6OI8-C 


A.  MATERIA  IS 

Sintered  MTC  ^eet  billets  sdcoMing  to  Speelflcistion 

PP-35. 

1*  PROCEDURE 

1,  ^eakdown  rolling  at  14g0“1430  C» 

a.  Straight «roll  from  ~li5«lneh  thick  to  090  mils  by 
reductions  of  about  17^.  Five  reductions  are  required. 
Heat  billet  for  eight  minutes  prior  to  the  first 
reduction.  Reheat  for  3  minutes  after  each  reduction. 

b.  Cross-roll  to  4oo  mils  by  reductions  of  about  7.05^. 

Five  reductions  are  required*  Reheat  for  three  minutes 
after  all  but  the  last  reduction. 

c.  clean  in  molten  caustic. 

d*  Trim  about  1/2”  from  each  end, 

2,  Heat-treat  for  two  hours  at  1700  c. 

3,  Intermediate  rolling  at  1100  C. 

a.  cross-roll  to  100  mils  by  reductions  of  about  15j^. 

Seven  reductions  are  required.  Heat  sheet  for  five 
minutes  prior  to  the  firat  reduction.  Reheat  after 
all  but  the  last  reduction  for  three  minutes. 

b.  Trim  about  I/2"  from  the  lead  and  lag  ends. 

c.  Stralght*roil  to  60  mils  by  eight  reductions.  The 
first  six  reductions  are  about  125(J;  the  last  two  are 
about  95$.  Heat  sheet  for  five  minutes  prior  to  the 
first  rediictlon.  Reheat  after  all  but  the  last 
reduction  for  three  minutes, 

d.  Clean  In  molten  caustic. 
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ki  Etch  to  55  mils  In  warm  solution  Of  1:9  by  volume  Of  49^ 
hydrofluoric  acid: concentrated  nitric  acid« 

(caution:  solution  warms  up  on  contact  with  sheet  and  may 
become  violent ») 

5.  Pinal  rolling  at  room  temperature* 

a*  Stralght-roll  to  40  mils  by  reductions  of  <  5^* 

b*  Trim  1/2^1*’  from  lead  and  lag  ends*  Sheet  meesures 
0*040"  X  6-7"  X  >30"* 


APPENDIX  IV 

PROCESS  DATA  FOR  MTC  SHEET 


SYLVANIA  ELECTRIC  PRODUCTS  INC.  TOWANDA,  PENNSYLVANIA 

CHIMIGAL  AND  l4ETALli)ROICAL  DIVISION  METALS  SECTION 


MIXING  MIA 

Material: _ Program  Date;„_i^r 

Specif ication  No . ;  aa  Mix  No.: _f _  Mix  Weight;  Kg 

PCWCERS 


Date 

Absolute 

Bulk 

Carbon 

■Wf.' 

LOSS 

x'BigQhr'He^'d~ 
in  Mix 

powder 

Lot 

No.^ 

Source 

Pro* 

duced 

Mesh 

Size 

Density^ 

g/cc 

FSSSt 

U 

Density^ 

e/XB* 

content^ 

ppm^ 

in 

PerLjDeftt 

wt.^g 
or  kK 

5yXMM/4 

1//02 

/s^ge 

AS. 4 

is 

a  Of 

) 

JAO 

Typi 

SCAD#  c 

i-itii  MUtmi 
4^a  eysmsg 

*313“ 

3.7^ 

7./ 

4 

laosiMMi) 

. 

o.g'as 

d 

ISMiiM 

“:£j 

aMe«W 

** 

- 

* 

C4itS 

psr5.^.5fa:Tr:J.-^-rT-v  \ 

•ktLoktmi  fc  viHb^e 


Date  t're^mixedt  ilenoer  ueedri^^Y.  yf  Mixiog  Titte:  Hi-. 

*.ate  Mixed:  Biendep  used ;  ^ Mixing  Timet  a.h  Hr. 

PROPERTIES  OF  MIX 

Ahsolute  Density;  lo.  o4 _ g/cc  PSSS;  JT.s  N  Bulk  Density :  Ai.4  g/in^ 

Analyais;^  a?  ^  g 

Remarks: 


ce:  Project  inglneer 


Approved 


Dste; 
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SY^LVANiA  ElfiCfRIC  PROEUCfS  INC*  fOWANDA,  FEMSYLVANIA 

CKENICAI.  Am  METALIimaiCAL  DIVISION  vmAlS  SECTION 


PRESSING  DA.TA 


Mateerial:  mtA  _  Program  Date; 

Specif leatlcn  No.tiPF^aa  Mix  No*t„  _ Starting  Mix  Bal *  t  kg 

Mold  No*;  Mold  Sha'Pei^vJ'xShr'xM '  Pressing  Pressure;  ks  i 

Number  of  Billet s/Pressing;  t  Absolute  Density  of  Mix;  jd.04  gAc 

Green  Density  Determined  By;  ^  /MMmA  ^jaa/  Me  od 


SYLV.vNiA  lliEGfRIC  PROIiCarS  INC.  TOWANBAj  I'ENNSY;  ^ANIA 

CHBJIIGAL  AND  fffiTALiimGICAl,  ri7lSI0N  SK(rrT.)N 

SINTERING  DAIA 


Material;  MTd.  Pr^Pam  No .  ■:  ,  Date; 

Specif ication  No.  ..  Billet  Shape u.mc’r  Nemlnal  Gfeen  Size Ui'xiXxtbA^ ' 

Sintering  Fee.;  gui  Sintering  Temp ^ r  llme^at "‘Temp . ;  / 

f  Ime^TQ^femPi ;  /  //g  Or  Stoke  Ratet  A t mosprie re ; /a/  ,  H ^ 

Atmo.  Plow  Rate;  _cfh  Suaceptor  Size: x  _  Suscepton  Materials  ruA/A.s>T^A/ 
TheOretiGal  Penalty;  ij  g/cc  Sintered  Den.  Detei^ined  Bytj^jy^M^^jg^ethod 


Mil  i"n"'— — — 

! 

weight, 

. 

■mHiH 

SIN  t  seep 

weight i  Kg 

sintered  i 
Sizei  In.. 

A9-  / 

n 

6 

^  4i 

if  Piee  ^ 

a.  30" 

4PTtz  imPuJNfi 

/■OK  /  o'  *  6. 

a  Y-i 

^  4S 

3L.4i 

»,  '»  '* 

^e.4 

'45 

a,  14 

r  1, 

HQrai 

a.w 

ii  #_  *• 

— 

2'33 

1 1  »«  () 

■9 

6fi;a 

■^45 

*?.3o* 

*»  *t  *t 

2.  <><5 

7d.:i 

'-44" 

m^nni 

M  ii  >• 

2.^7 

66./ 

-40 

l»  If  ». 

667 

’-40. 

ilBSBH 

"  11  *1  i 

■nffisn 

6^3 

-4Z 

^  .<^0 

II  •»  »l 

4g.7 

^4Q 

a. 44 

•1  1.  '• 

45.3 

-^40 

a.44 

»»  I-  ».  i 

H^QH 

4g.::i 

^  1 

*1  *  *  *t  , 

4?.^ 

-40 

a. 4^ 

»i  1.  '» 

4  ^-2 

2.o7 

i«  .• 

*35-/4 

BBBHI 

66,^ 

a.  of 

».  fi  '• 

^i/fM6e  3.<fy  66. aT  :i,4f 


SYLVANiA  llEGTRIG  PROIUGf S  YMC .  TQWAMDA  *  FMSYLVANIA 

CKEIClCAL  and  MEfAIIiGRGiGAL  DlYiSION  BlEfAliS  SECTIUN 


SYLVAKIA  EIKTRIC  PRODCTCTS 
cmnGkL  jm  msTAumoiicAL  division 


TCWANDA^  FENiiSYLVAKlA 
NETAIS  SlCflON 


RCTiarks:  re  (sremHr  gou,),  rei/^AifD  to  e.o4«*x&*XA<> 

TO  O.4o"  C<9P9»  0»14,'), 

/MTfemfPMTf  «  70  O./f  *<?«•*»  *1*4/ 

TO  O.  OtO*  (  «T«4/C*r  £•**). 

FIHItX  ^  <  IP9t  T*  P.P4S"  i.97(IUU$§r  r-  ' 

v:  froject  Engineer 
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SYLVAKIA  lliBCfRIC  I^OEUGfS  INC# 
CHEMICAL  AND  METALLURGICAL  DITISKa} 


TOVv  \  N  DA  ,  f  ENNSYLVANIA 
SEGTIDN 


ROLLING  DATA 

Material:  Pfogr^  Datet 

Specif Icatlon  No#  Billet  Shape Nominal  Sintered  f  i  ze  In 

Ireakdown  Temp#  jcf  sgfe.  c  Intermiedlate  Temp#;  |g|,  Q  Pinal  Temp.;  set  ^  < 

Heat  Treatments other  Treatments;  sggck.  _ 


T~  - - miiet 

T - — “ 

T  -  "  -==—  ■- - 

Billet  and 

IIIIIIH 

Density^ 
Per  Cent  of 

Sheet 

iff  c  L  aeVi  * 

size.  In# 

3  M'’ 

WjBjM 

f  3.  9 

i64/X  ?j^x3S 

mm 

^  i 

41-/6 

I^Bi 

IH 

n.; 

ad«x?^x3/ 

i  u  •  ^ 

»Squ9l8,  XIOC 


Remarks ; 


Project  Engineer 


Approved  ®yC22S#^i^a«Bskl 
pate;  _ 
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Contract  NQaa  60^60l8-“C  _ jDls t rlbut ion  Li s t 


Naval  Air  Material  Center 
Philadelpiiia  !§>  PefinBylvania 
Attn:  Aeronautical  Materials 
Laboratory 

OfflGe  Of  Naval  Hesearch 
Navy  Department 
Washington  §5 »  D •  C • 

Attn:  code  423 

Naval  Researeh  laboratory 
Washington  25 >  D*  C^ 

Watertown  Arsenal  laboratory- 
Watertown^  Massachusetts 
Attn:  Mr^  S.  Arnold 

AeronautlGai  Systems  Division 
Air  Force  Systems  comirand 
Wright -Patterson  Air  Force  Base 
Ohio 

Attn:  WW1CM?~2 

Directorate  of  Resources 
Manufacturing  Methods  Division 
Wright -fat terson  Air  Force  Base 
Dayton,  Ohio 
Attn:  LMBM 

National  Aeronautics  and  Space 
Administration 
1512  H  Street,  N.W, 

Washington  25,  P.  C- 
(5  copies) 

A .E ,C » »  Research  Division 
Germantown,  Itoryland 

Mr.  G.  Mervin  Ault 
Assistant  Chief 

Materials  and  Strvictures  Division 
Lewis  Research  Center 
National  Aeronautics  and  Space 
Administratign 
21C66  Brookpark  Road 
cieveland  Ohio 


Dr^  Edward  Czarneckl,  Ifenager 
Materials  Mechanics  and  structure 
Branch 

systems  Mnagement  Office 
Boeing  Airplane  Company 
Seattle  24,  Washington 

Mr»  Lo-uis  Cahnke,  Manager 
Metailurgical  ingineerlng 
Applied  Research  Operations 
Propulsion  Laboratory 
Aircraft  Gas  Turbine  Department 
General  Electric  Company 
Evandale,  Ohio 

Dr*  Robert  1*  jaffee,  Tech.  Mgr. 
Department  of  Metallurgy 
Battelle  Memorial  institute 
5C5  King  Avenue 
C'-'i-amb'as  1,  Ohio 

Poghes  Tool  company 
Materials  and  Fabrication 
ingineering  Department 
Aircraft  Division 
C'ulver  City,  caiifsrnia 

Mr.  L,  M.  Raring,  Chief 
Metallurgical  and  Chemical 
Laboratories 

Pratt  and  Whitney  Aircraft 
Connecticut  Aircraft  Nuclear 
Engine  IjaboratOry 
P .  €  >  Box  611 
Middletown,  Connecticut 

Mr.  Arnold  Rustay 
Tice  president 
Wyman-Gordon  Company 
North  Grafton,  pfessachusetts 

Mr,  George  A.  Tlnmions 
Direct or  of  Research 
Climax  Molybdenum  Compary  of 
Michigan 

l44i6  Woodrow  Wilson  Boulevard 
Detroit  Michigan 


Gonfei^Gjb  NOaa  6C‘^6q18‘^g  Distribution  List 


©r»  Ls  lii  Selgle>  Manager 
MetallurglGal  laboratory 
General  Telephone  and  Eleetronics 
Laboratories  Inc  * 
layslde  60^  New  York 

DTi  William  Rostoker 
Assistant  Manager 
Metals  Researeh  pepartment 
Armour  ResearGh  Foundation 
TeGhnolo^  Center 
ChlGago  l6f  Illinois 

United  Aircraft  corporation 
Pratt  and  Whitney  Division 
East  Eartford,  ConneGtlGut 

Clevlte  Researeh  Center 
5^0  East  logth  Street 
Clevelandj  Chlo 
Attn:  Mr»  A*  Schwope 

Thompson  Ramo  Wooldridge,  Inc* 
35555  Euclid  Avenue 
Cleveland  17 >  Ohio 
Attn:  Mr.  G.  N.  Guarnlerl 
Staff  R  and  p 

National  Research  Corporation 
70  Memorial  Drive 
Cambridge  ^3,  Massachusetts 
Attn;  Mr.  J.  H.  Gardner 

Battelle  Memorial  Institute 
503  King  Avenue 
Columbus  i,  Ohio 

Attn:  Pefense  Metals  Information 
Center 

Aerospace  Industries  Association 
766c  Beverly  Boulevard 
Los  Angeles  56,  California 
Attn:  Mr.  H.  p.  Moran 
(5  copies) 


Southern  Research  institute 
917  south  icth  Street 
Birmingham,  Alabama 

Massachusetts  institute  of 
Technology 

Cambridge  59>  Massachusetts 
Attn:  Professor  N.  Grant 
Metallurgy 

■jnion  Carbide  Metals  Company 
Technology  pepartment 
P .  C .  BOX  5§D 
Niagara  Falls,  New  York 
Attn;  Pr.  R.  w.  Fountain 

Universal-Cyclops  Steel  Corp* 
Bridgeville,  Pennsylvania 
Attn:  Mr.  P.  C.  Rossln 

1*  I.  DuPont  de  Nemours  and  Cd. 
Pigments  Department 
Experimental  Station 
Wilmington  98,  Peiaware 
Attn:  pr.  E.  M.  Mahla 

Fansteel  Metallurgical  corp. 
22rr  Sheridan  Road 
North  Chicago,  Illinois 
Attn;  Dr.  A,  B.  Michael 

Wal'  Chang  Corporation 
Box  566 

Albany,  Cregon 
Attn:  Mr.  1.  BarOch 

Westinghouse  Electric  Corp. 
Metals  Plant 
P.  C,  Box  128 
Blairsvilie,  Pennsylvania 
Attn;  Mr.  F.  L.  Orreil 

Westinghouse  Electric  Corp, 

Lamp  Division 
Bloomfield,  New  Jersey 
Attn:  Dr,  R.  E,  Atkinson 


Contract  NOas  6Q»^Mi4^c  MstrlteutlOn  List 


Firth  Sterling  Inc  * 

3113  Forbes  Street 
Flttsburgh  3Q>  Pemsylvanla 
Attn:  Dr*  0*  H»  foenslng 

Lockheed  Missile  and  Space 
Dlylsion 

325I  Hanover  street 
Palo  AltOi  California 
Attn:  Dr*  T.  E*  Tietz  and 
Mr*  Roger  Perkins 

Republic  Aviation  corporation 
Faitaingdale^  L.  i*j>  New  York 
Attn:  Mr*  E*  A*  Slnakovich 
Advanced  Systems  and 
Research 

university  of  caiifo;:%la 

Los  Alamos  Scientific  laboratory 

P.  0*  Box  1663 

Los  Alamos^  New  Mexico 

Attn;  Dr*  R*  D«  laker 

Raytheon  Company 
Missile  Systems  Division 
Andover,  Massachusetts 
Attn:  Mr*  W*  R.  Johnson 
Metallurgist 

Marquardt  Aircraft  company 
16355  Saticoy  street 
P,  0,  Box  20I3  *  South  Annex 
Van  Nuys,  California 

Mr*  1*  J.  Baker 
Inspector  Naval  Material 
Post  Office  Building,  Room  I7 
Kingston,  Pennsyivahia 

Mr*  J*  Maltz 
RRMA  22 

Department  of  the  Navy 
:^reau  of  Naval  Weapons 
Washington  25,  D.  C. 

(3  copies) 


Department  of  the  Navy 
Bureau  of  Naval  weapons 
RMMP-23 

Washington  23,  D  *  c  * 

Department  of  the  Navy 
Bureau  of  Naval  Weapons 
Di-S-3 

Washington  25,  D.  C* 

(3  copies) 

Department  of  the  Navy 
Bureau  of  Naval  Weapons 
SP=271 

Washington  25,  d.  c* 

General  Electric  Company 
Research  Laboratory 
P*  0*  BOX  1088 
Schenectady,  New  York 
Attn:  Dr*  D*  w»  Lillie 

Dr*  Joseph  R.  Lane 
Staff  Metaiiurgist 
Materiais  Advisory  Board 
National  Academy  of  sciences 
National  Research  Council 
2101  Constitution  Avenue 
Washington  25,  D*  C, 

Mr*  A*  V.  Levy  and 
Mr*  Robert  E.  Matt 
Materials  Research  and 
Development 

Solid  Rocket  Plant  =-  Dept.  3 
P*  0.  Box  1947 
Sacrament©,  California 

Mr.  B,  s*  Payne,  Manager 
New  Products  Research 
The  Pfaudier  company 
Rochester  3»  New  York 

Stauffer  Metals  company 
1202  s*  47th  Street 
Rlehmond,  California 
Attn:  Mr.  Jack  k,  y*  Hum 


Ggnfelacfe,  NQM  _60»6Q1S^^^  Dletrlbut Ion  List 


fhlQkol  Cheffilcal  Corposratlon 
Brigham  City,  Utah 
Attn:  Mr*  J*  A.  livaon 

Union  carbide  Nuclear  Cozrdratic^ 
Building  9202 
P.  0.  Box  "y" 

Oak  Eidge^  fennessee 
Attn:  Mr,  A,  C,  Neeley 

Hr,  Ji  f,  Stacy 
Senior  Croup  Engineer 
Boeing  Airp^ne  Company 
Aero-space  Division 
P,  0,  Sox  3707 
Seattle  24,  Washington 

fherTftlonlc  Products  Ccnnpany,  inc. 
Interhaven  Avenue 
Plainfield i  New  jersey 
Attn:  Mr,  V,  0*  Allen 

Mr,  Robert  p.  zuehlke 
ladish  Company 
Cudahy,  Wisconsin 

Dr*  Russell  d*  Nelson 
Room  262 J i  Richards  Hall 
Mechanical  Engineering  Department 
University  of  Nebraska 
Dincoln  8,  Nebraska 

Allegheny  Ludlcm  Steel  Corp, 
Brackenrldge,  Pennsylvania 
Attn:  Mr.  P.  A,  Santoli 
Res^  and  Dev.  Labs* 

Army  Research  Office 
Box  CM,  Duke  Station 
Durham,  North  Carolina 

Bureau  of  Ships 
Navy  Department 
Washington  25,  D.  c. 

Attn:  Codes  5^21  and  I5OQ 


Curtiss “Wright  Corporation 
Wright  Aero,  Division 
Woodridge,  New  Jersey 
Attn:  Mr.  j,  Sohn 

Denver  Research  Institute 
University  Park 
Denver  10,  Colorado 
Attn:  Dr.  W.  E.  Mueller 

General  Motors  Corporation 
Allison  Division 
Indianapolis^  Indiana 
Attn:  Mr,  D.  K.  Ranink 


